In our previous studies (Ohori and Hisada, 2006, 2011), we simulated the strong motion records of the mainshock (M J 5.4) of the 2001 Hyogo-ken Hokubu earthquake, Japan, on the basis of the empirical Green's tensor spatial derivative (EGTD) estimated from data of 11 aftershocks (M J 3.5-4.7). The agreement between the observed and calculated waveforms at the closest station in source distance was satisfactory over a long duration, and the amplitude was well reproduced. But considering the lowest corner frequency of about 1.0 Hz for the mainshock, we targeted 0.2-1.0 Hz band-pass filtered velocity waveforms. In present study, we tried to simulate the broadband strong motions beyond the corner frequencies for the same events as in our previous studies (Ohori and Hisada, 2006, 2011). To correct the discrepancies among the corner frequencies of events, we assumed the scaling law based on the ω -2 model (Aki, 1967) and compensated the spectral amplitude decay beyond the corner frequency. After estimating the EGTD from 11 aftershock events using 0.2-10 Hz band-pass-filtered waveforms, we simulated the strong motion records for the mainshock and aftershocks. In simulation of each event, the EGTD elements were multiplied by the moment tensor elements followed by summation and corrected in the spectral amplitude taking the corner frequency of each event into account. As example results, the simulated waveforms at the closest epicentral distance was compared with observed ones. The agreement between the calculated and observed waveforms was relatively acceptable for most of events.
INTRODUCTION
The empirical Green's function (EGF) method, proposed by Hartzell (1979) and extended by Irikura (1983) , has been recognized as one of the most practical techniques to predict the strong ground motion produced by large earthquakes. The use of this method is limited to the case when the focal mechanism of a small event is identical or similar to that of a targeted event. On the other hand, the empirical Green's tensor spatial derivative (EGTD) method, proposed by , has the potential to deal with the difference in focal mechanisms between small events and a targeted event, and predict the ground motion for an event with an arbitrary focal mechanism. The EGTD elements are estimated through a kind of single-station inversion using waveform data for several small events whose focal mechanisms and source time functions are well determined. This technique is expected to provide considerably accurate and stable prediction results, but discussion of its application has been limited in the literature (Ito et al., 2001; Ito, 2005; Ohori and Hisada, 2006; Pulido et al., 2006, Ohori and Hisada, 2011) . In the previous studies (Ohori and Hisada, 2006, 2011) , considering the lowest corner frequency of about 1.0 Hz for the mainshock, we targeted 0.2-1.0 Hz band-pass filtered velocity waveforms. In present study, we tried to simulate the broadband strong motions between 0.2 and 10 Hz for the same events as in the previous studies (Ohori and Hisada, 2006, 2011) . Figure 1 shows epicenter locations of the mainshock (M J 5.4) and 25 aftershocks (M J 3.1-4.7) of the 2001 Hyogo-ken Hokubu earthquake and the target station, HYG004, one of the K-NET stations operated by the NIED (National Research Institute for Earth Science and Disaster Prevention). The source information of these events were determined by the united hypocenter catalog of the JMA (Japan Meteorological Agency). Data for the mainshock and 15 of the aftershocks were recorded at HYG004. As one of the K-NET stations, HYG004 was chosen as the target station because it is on a rock site located at the closest epicentral distance (6-10 km) from the fault zone, whose range was 4 km in the east-west direction and 6 km in the north-south direction. In this paper, we focus on HYG004 in terms of the data quality. The observed acceleration records at HYG004 for the mainshock and 15 aftershocks (M J 3.5-4.7) were integrated into velocity waveform data with a bandpass filter of 0.2-10 Hz. Hokubu earthquake and the target station, HYG004. The mainshock and 15 aftershocks reevaluated (Ohori and Hisada, 2006) 
LOCATIONS OF THE EPICENTERS AND STATIONS

SOURCE MODEL
To enhance the accuracy of simulation by the EGTD method, it is desirable to know the focal mechanisms and source time functions accurately as much as possible. In this study, we used the source model which was reevaluated in our previous work (Ohori and Hisada, 2006) as summarized in what follows. Figure 2 presents the estimated focal mechanisms and source time functions determined by Ohoir and Hisada (2006) . Based on the grid search technique (Ohori, 2005) , we estimated the strike, dip, and rake of a double-couple point source, and source depth. The observed acceleration records at HYG004 for the mainshock and 15 aftershocks (M J 3.5-4.7) were integrated into velocity waveform data with a bandpass filter of 0.2-1.0 Hz. The theoretical Green's function for the layered underground structure (Hisada, 1995) was calculated assuming a smoothed ramp function with a rise time of 0.32 s. We inverted data of 5 s that included the P-wave arrival and S-wave main portions. The searching ranges of the strike, dip, and rake angles were set within 20 of the solutions determined by F-net of the NIED. The estimated source depth is in the range of 8-12 km. After fixing the focal mechanism and source depth, we determined the seismic moments and source time function. The seismic moments released by five sequential slips with intervals of 0.16 s were estimated by the least-squares method with nonnegative constraints (Lawson and Hansen, 1970) . Note that Events 3, 17, 19, and 26 are excluded in the following EGTD inversion because of the relatively large discrepancy in waveform matching between the observation data and synthesis. Ohori and Hisada (2006) . Single-station inversion for each event is performed using strong-motion records recorded at the K-NET station HYG004. Four aftershock events, 3, 17, 19, and 26, are not used in the empirical EGTD estimation.
ESTIMATION OF THE EGTD
The estimation method of the EGTD has been fully explained by Ohori and Hisada (2006, 2011) . It is applicable to simulation of the strong motion in a frequency range below the corner frequency. Hereafter, we will summarize briefly the method and add explanations how to simulate the broadband ground motion.
Basic equations
Ground motion displacement u i (x o , t) (i=x,y,z) excited by a double-couple point source is theoretically expressed as the convolution of moment tensor elements elements M pq (x s ,τ) (p,q=x,y,z) and Green's tensor spatial derivative elements and G ip,q . Explicit expressions of M pq for a double-couple point source are found in the literature (e.g., Aki and Richards, 1980) . Considering symmetrical conditions (M pq =M qp ) and no volume change [(M xx = -(M yy + M zz )] of the moment tensor elements, we can rewrite Equation (1) as
In the moment tensor inversion, u i and G ij are given and M j are the unknowns to be solved in a leastsquares sense. Conversely, in the EGTD inversion, u i and M j are given and G ij are the unknowns to be solved. Note that the EGTD inversion is carried out for each component at each station using data from several events simultaneously, whereas the moment tensor inversion is done for a particular event using data of all possible components at all possible stations simultaneously. It should be emphasized that the moment tensor elements are determined by the source parameters and the Green's tensor spatial derivative elements are by the underground structure of the area surrounding the source and the station.
Correction of the focal mechanisms
As seen in Figures 1 and 2 , the differences in source locations between the mainshock and aftershocks are significant in the EGTD inversion. To compensate for this discrepancy and treat each event as a point source at the same location, we horizontally and vertically rotate the focal mechanisms, referring to the literature (Ito et al., 2001; Ito, 2005) . Through the horizontal rotation shown in Figure 3(a) , the station azimuths of the mainshock and aftershocks are set to 90 deg. as measured from north (Ohori and Hisada, 2006) ; thus, the number of Green's tensor spatial derivative elements is reduced to three (G i1 =G i4 =0) for the radial component (i=y) and vertical component (i=z) and two (G i2 =G i3 =G i5 =0) for the transverse component (i=x). Through the vertical rotation shown in Figure 3(b) , the discrepancy in the take-off angles between the mainshock and aftershocks is corrected, following the horizontal rotation. In the top panel of Figure 3(b) , take-off angles of the mainshock and aftershocks are denoted ξ m and ξ a , respectively. Note that the difference between take-off angles, ξ m -ξ a , is slightly exaggerated in the bottom panel of Figure 3 (b) for graphical purposes. The moment tensor elements in Equation (3) derived from focal mechanisms should be evaluated after horizontal and vertical rotations. Figure 3 . Schematic diagram explaining how to rotate the focal mechanisms to reduce the unknown number of the Green's tensor spatial derivative (GTD) and to compensate for the different locations of the mainshock and aftershocks. In the horizontal rotation (a), the station azimuths for the mainshock and aftershocks are set to 90 measured from north so that the number of GTD elements is reduced to three for the radial and vertical components and two for the transverse component. In the vertical rotation (b) following horizontal rotation, the discrepancies in the take-off angles between the mainshock and aftershocks are corrected. In the top right panel, take-off angles for the mainshock and aftershocks are denotedξ m andξ a , respectively. Note that the difference between take-off angles, ξ m -ξ a , is slightly exaggerated in the bottom right panel for graphical purposes.
Correction of waveform data
To adjust the timing between the mainshock and aftershocks, we apply a time shift to the observation data of aftershocks to fit their S-wave arrival time with that of the mainshock. In addition, to remove the discrepancy in the source time function, we deconvolve the observation data. The observed waveforms used in the estimation of the EGTDs are corrected such that the source time function has a constant seismic moment (1.0 * 10 15 Nm, nearly equal to M w 4.0) and a single-isosceles slip velocity function with a rise time of 0.32 s. It is noted that the timing between the mainshock and aftershocks and the source time function mentioned above are estimated from 0.2-1.0 Hz band-pass filtered velocity waveforms. In Figure 4 , we show the corner frequencies of events, which are estimated based on the assumption that source spectum obeys the ω -2 model (Aki, 1967) . The corner frequency of the mainshock is 1.0 Hz and those of 11 aftershocks are distributed in a frequency range between 1.2 Hz To simulate the broadband ground motion upto the frequency beyond the corner frequency, we must remove the effect of the differences among corner frequencies. In present study, to correct the difference in the corner frequency of each event, we assumed the scaling law based on the ω -2 model (Aki, 1967) and compensated the spectral amplitude decay beyond the corner frequency of each event so as to have the same corner frequency as the same with the mainshock.
Estimation of the EGTD
The observation data for 11 aftershocks are corrected in terms of the timings, source time functions, the seismic moments, and corner frequencies, and they are inverted for estimation of the EGTD elements. On the basis of the focal mechanisms of aftershocks rotated as mentioned above, simultaneous linear equations for each component are constructed and solved for each of the sampling data. No constraints such as smoothing or minimization for unknown parameters were included in the EGTD estimation in this study. In Figure 5 , we show the transverse elements of the EGTD defined by Equation (4) Nm with a corner frequency of 1.0 Hz as the same of the mainshock. The focal mechanisms are corrected by both the horizontal and vertical rotations as shown in Figure 3 . It is noted that as the Green's tensor spatial derivative elements are determined not by the source characteristics but by the underground structure, the EGTD elements could be useful for the structural study in future work. 
SIMULATION OF THE STRONG GROUND MOTION USING THE EGTD
In Figure 6 , we compare three component observed velocity waveforms with a 0.2-10 Hz band-passfiltering and corresponding syntheses calculated from the EGTD. For each trace, the source time function, seismic moment, and the corner frequnecy of each event are taken into account. The top trace for the mainshock (Event 1) is not included in the EGTD inversion. For reference, in Figure 7 , we show transverse component waveforms with a 0.2-1.0 Hz band-pass-filtering. Comapared with the low frequency results in Figure 7 , waveform matching between synthesis and observatory data get worse. But considering the difficulty in simulation of the high frequency components, the broadband synthesis from the EGTD is reproducing acceptably the observed waveforms. (cm/s) Figure 8 shows comparison of the maximum amplitude ratio between the synthesized velocity waveforms and observatory data. Three ranges of band-pass filter are tested: 0.2-1.0 Hz, 1.0-10 Hz, and 0.2-10 Hz From this figure, it is found that simulation resutls from the EGTD show high accuracy in lower frequency range of 0.2-1.0 Hz, except that the radial components of the Event 14 is somehow overestmated. Results of other two frequency ranges look similar each other. For most of the events, the maximum amplitude ratio between the synthesized velocity waveforms and observatory data is in a range of 0.5-1.5. So, simulation of broadband groud motion from the EGTD method can reproduce the observed waveforms successfully.
CONCLUSIONS
We demonstrated the applicability of the EGTD method to simulate near-field strong-motion records for the 2001 Hyogo-ken Hokubu earthquake (M J 5.4), following our previous study (Ohori and Hisada, 2006, 2011) . First, we summarized the procedure to estimate the EGTD from aftershock data. To treat each aftershock within a wide fault zone as a point source at the same location as that of the mainshock, the observation data and focal mechanisms were corrected as follows. The waveform data of 11 aftershocks (M J 3.5-4.7) were corrected in terms of the source time function and relative timing to the mainshock. The focal mechanism of each aftershock was rotated horizontally and vertically to correct the station azimuths and take-off angles (Ito, 2005) . In the horizontal rotation mentioned above, the azimuth of the targeted station, HYG004, from each epicenter was set to 90 deg. measured clockwise from north so that the number of unknown Green's tensor derivative elements to be solved was reduced to three for the radial and vertical components and two for the transverse component (Ohori and Hisada, 2006, 2011) . Next, we performed EGTD inversion independently for each component for all time sampling data. Using the estimated EGTD and source parameters, we simulated the strong-motion records for the mainshock, which was not used in the EGTD estimation. In present study, the upper limit of the target frequency range is 10 Hz, while the corner frequency of the events is in a range of 1.0 Hz to 3.0 Hz. So, to correct the discrepancy among the corner frequencies of events, we assumed the scaling law based on the ω -2 model (Aki, 1967) and compensated the spectral amplitude decay beyond the corner frequency. The agreement between the observed and calculated waveforms for the mainshock is satisfactory over a long duration and there is a good match of the amplitude. To enhance the applicability of the EGTD method, further data accumulation and investigation is required.
